Objective: Correlational studies have linked short sleep to adolescents' report of postconcussion symptoms and cognitive performance during concussion assessments. This study tested whether those are cause-effect relationships. Design: Threeweek randomly counterbalanced, within-subjects, crossover experiment. Setting: Adolescents slept at home with weekly visits to an outpatient clinic for sleep monitor uploads and outcome assessments. Participants: Twenty-four healthy 14-to 17.9-yearolds. Conditions: After an initial sleep-stabilization period, adolescents experienced 5-night spans of short sleep (SS; 6.5 hours/ night in bed) versus Healthy Sleep Opportunity (HS; 9.5 hours/night in bed). Adolescents reported significantly worse symptoms on the PCSS after SS than HS, even after excluding items manifestly related to sleep. Verbal memory was also worse after SS than HS, though the effect was small. The manipulation did not significantly affect other cognitive indexes. Conclusions: A realistic "dose" of short sleep, similar to what many adolescents experience regularly on school nights, can cause or contribute to symptom reports during concussion assessments. Consistent with previous sleep research, one-on-one cognitive tests seem to be less sensitive than measures of emotional and behavioral functioning to the effects of short sleep.
INTRODUCTION
On preinjury evaluations, adolescent athletes who sleep less tend to self-report more concussion symptoms [1] [2] [3] and may have lower cognitive test scores. 2, 3 If indeed short sleep affects symptoms and cognition in young athletes, it could complicate interpretation of concussion evaluation scores, because adolescents normatively get 1 to 3 hours less sleep than is recommended on school nights. 4 Here we move beyond the correlations reported in previous work to test whether experimentally short sleep causes healthy adolescents to experience concussion-related symptoms and worsens cognition on a commercially marketed concussion assessment tool. We assessed adolescents in the context of an experimental protocol that induces 5 nights of short sleep (SS) versus healthy sleep (HS) opportunity. We hypothesized that, compared with HS, after SS (1) indexes of both cognitive functioning and subjective symptoms would worsen, and (2) the effect on subjective symptoms would remain true even after removing symptoms that are manifestly related to sleep.
METHODS
The study was approved and overseen by the local ethics board. Adolescent participants provided informed assent and their parents provided informed consent.
Participants
Healthy 14-to 17.9-year-olds were recruited through flyers posted throughout a regional pediatric health care system. Eligibility was screened by telephone and verified during the first study visit. Exclusions included psychiatric disorder, history of neurological illness, or injury (including head injury with loss of consciousness), body mass index .30, IQ ,70, daily consumption of .1 coffee or energy drink or .2 caffeinated soft drinks, illegal substance use, or use of medication that can affect sleep or daytime alertness.
Procedures
The sleep manipulation mirrors our previous work. 5 Briefly, each participant underwent a 3-week protocol in the summer of 2016. Wake time throughout was set at the time the participant would need to awaken to arrive at our office at 8 AM During the initial sleep stabilization week, participants were asked to awaken at that time, but were permitted to selfselect their bedtimes. That week allowed participants to adjust to a steady morning-rising schedule; those who did not rise on time were ineligible for randomization.
Eligible participants then entered a within-subjects, randomly counterbalanced cross-over experiment comparing 5 night spans (Monday-Friday nights) of SS versus HS. Adolescents adjusted their bedtime to allow for 6.5 hours/night in bed during SS and 9.5 hours/night during HS. During the 2-night Saturday/Sunday washout, bedtimes were adjusted to allow $8 hours/night in bed. Participants were instructed not to nap and to limit caffeine intake. Participants came in for office visits on Saturday morning after the stabilization, SS, and HS conditions, at which time we measured our primary outcomes.
Measures
Participant sleep was monitored using a Micro-Motionlogger SleepWatch (Ambulatory Monitoring, Inc.). Trained coders uploaded data and screened for artifacts with the support of nightly sleep diaries and follow-up queries to participants. A validated algorithm 6 then derived sleep onset, offset, and sleep period (offset minus onset).
Cognition and postconcussion symptoms were assessed using Immediate PostConcussion Assessment and Cognitive Testing (ImPACT Applications, Inc). This computerized battery yields 4 primary cognitive composites (verbal memory, visual memory, reaction time, and processing speed) and a 21-item self-report postconcussion symptom scale (PCSS). We computed PCSS Total Score and a modified PCSS Score that removed items manifestly related to sleep (fatigue, trouble falling asleep, sleeping more/less than usual, and drowsiness). 1 
Analytic Approach
Effects across SS versus HS were tested using paired-sample t tests for the sleep and cognitive indexes, and Wilcoxon tests for PCSS scores. We also explored potential effect modifiers by computing difference scores for each outcome and testing whether these differences varied by the participant's sex, race, or age using Wilcoxon tests or Spearman correlations. Alpha was set at 0.05 for the hypothesis-driven primary analyses, and 0.01 for exploratory analyses.
RESULTS
Of 36 adolescents who arrived for the initial visit, 5 were not randomized due to ineligibility or poor adherence and 7 dropped out. Table 1 provides information on the remaining 24 participants at the initial visit.
As shown in Table 2 , adolescents averaged 2.29 hours more sleep per night during HS than SS. Adolescents showed slightly but significantly weaker verbal memory during SS than HS, P 5 0.039. Effects on the other cognitive indexes were nonsignificant, and effect sizes were small to negligible. Teens reported significantly greater postconcussion symptoms during SS than HS on both the PCSS and modified PCSS, with large effects, P , 0.001. Teens reported worse symptoms during SS on 18 of the 21 items. Figure 1 shows the frequency of complaints across conditions on the items that showed at least medium effects (Cohen's d . 0.50). Findings were not modified by sex, age, or ethnicity. 4 increases symptoms commonly seen after concussions. This effect occurred in healthy adolescents in the absence of head injury and across a range of symptoms, not just symptoms that are manifestly sleep related. For example, short sleep tripled the prevalence of irritability and fatigue. It also caused headache and subjective mental slowing in 1/6 to 1/4 of adolescents who were asymptomatic when well rested.
These experimental findings complement and extend previous correlational work that found consistent associations of short sleep with postconcussive symptoms and weaker associations with cognitive test scores.
1-3 Short sleep worsened performance on tests involving short-term verbal learning/memory in our sample, but the effect was small, and effects on other cognitive composites were even smaller. Previous research has suggested that short sleep has a much greater effect on mood and behavior than on one-on-one test scores, possibly because of the brief, highly structured nature of one-on-one tests. 7 This study was limited by a modestly sized sample, shortterm 2-condition sleep manipulation, and focus on healthy adolescents. Findings suggest the need for a clinical trial examining the impact of sleep optimization on postconcussion recovery. In the meantime, clinicians should consider the sleep of their adolescent athletes during concussion evaluations and when making treatment decisions. Current recommendations state that even nonconcussed adolescents get 8 to 10 hours of sleep/night. 8, 9 Given that this seldom occurs on school nights, problem-solving with families to optimize nocturnal sleep might result in notable symptom improvement. www.cjsportmed.com
